Langmuir films (LFs) on water have long been studied for their interest for basic science and their numerous applications in chemistry, physics, materials science and biology. We present here A A-resolution synchrotron X-ray studies of the structure of stearic acid LFs on a liquid mercury surface. At low coverage, P 110 A A 2 /mol, a 2D gas phase of flat-lying molecules is observed. At high coverage, 6 23 A A 2 /mol, two different hexatic phases of standing-up molecules are observed. At intermediate coverage, 52 6 A 6 110 A A 2 /mol, novel single-and double-layered phases of flat-lying molecular dimers are found, exhibiting a 1D in-layer order. Such flat-lying phases were not hitherto observed in any LF. Measurements on LFs of fatty acids of other chain lengths indicate that this structure is generic to chain molecules on mercury, although the existence of some of the flat-lying phases, and the observed phase sequence, depend on the chain length. Organic LFs on Hg, and in particular the new flat-lying phases, should provide a broader nano-structural tunability range for molecular electronic device construction than most solid-supported self-assembled monolayers used at present.
Introduction
The advent of widely accessible, dedicated synchrotron radiation sources in the early 1980s revolutionized the field of structural studies of surfaces by X-ray methods. In particular, novel synchrotron-based X-ray reflectivity and grazing incidence diffraction methods were developed to study the surfaces of liquids [1, 2] . The first nanoscale measurement of the surface structure of water [3] paved the way to the A A-resolution determination of the structure of Langmuir films (LFs) on water [4] . These films have been investigated by macroscopic methods such as surface tension, surface potential, etc. for over a century [5, 6] , due to their fundamental importance in many branches of basic and applied science. They have been studied as models for 2D matter in physics, for the cell membrane in biology, as preferred-orientation crystal nucleators in chemistry, and as a route to nano-engineering and molecular electronics in materials science [6, 7] . Since the first in situ X-ray studies of LFs in 1987 [4] , many such studies [6] revealed a wealth of structures, phases and transitions in chain molecules on various aqueous subphases. In particular, their (length, area, temperature) phase diagram has been determined in detail, showing a number of hexatic, 1D-ordered and 2D-ordered phases [6, 8] . However, in all these studies the strong hydrophobic repulsion between the chains and the subphase dominated the molecular alignment, orienting the long axis of the molecules at, or close to the surface normal. We report here a study of the coverage dependence of the structure of stearic acid LFs on a liquid mercury subphase, using pressure/area isotherm measurements and A Angstr€ o om-resolution X-ray techniques. The high-coverage phases are found to be similar to those observed on aqueous subphases [4] . The low-coverage phases, however, consist of single and double layers of flat-lying molecular dimers, the X-ray diffraction patterns of which suggest a 2D-smectic-like order. A similar study of several other fatty acids of different chain lengths demonstrates that these phases are universal, although the number of flat-lying layers, and thus the phase sequence observed upon varying the coverage, changes systematically with chain length. Preliminary measurements indicate that the nature of the head group (methylene, alcohol, acid, thiol, etc.) plays an important role in determining the number and types of the flat-lying phases, and the existence of the high-coverage phases of surfacenormal molecules.
Although there is a wealth of thermodynamic data available for organics on mercury [9] , only three structural X-ray studies [10] [11] [12] were published prior to the study reported here. None of these determined the variation of the LFsÕ structure with coverage. Moreover, all of them employed only a single high-coverage LF, and only close-packed phases with surface-normal molecules were found. For a typical fatty acid, like the stearic acid (CH 3 -(CH 2 ) 16 -COOH), the estimated carboxylic headgroup-Hg subphase bond strength is $1.5 kJ/mol [10] . This is well below the carboxyl-water hydrogen bond strength, 6 10 kJ/mol [13] . Stearic, and other fatty acids molecules that form LFs on mercury are expected to have a high surface mobility thereby allowing the formation of thermal equilibrium structures at all coverages. This expectation is confirmed in this study by Xray reflectivity (XR) [14] , grazing incidence diffraction (GID) [14, 15] , Bragg rod (BR) [14, 15] and surface-pressure (p)/molecular-area (A) isotherm [9, 16] measurements, as detailed below.
Experimental
The surface tension [16] and X-ray [14, 15] methods employed were discussed extensively in the literature and are, therefore, reviewed here only briefly.
A home-made Langmuir trough of area 6:5 Â 17:5 cm 2 was employed in the measurements. The trough was enclosed in a hermetically sealed box, equipped with a film balance to measure the surface pressure p. The balance used an Hg-amalgamated platinum Wilhelmi plate. The molecular area A was varied by stepwise deposition of metered volumes of the chloroform-dissolved sample. Samples, with purities >99%, were purchased from Aldrich/Fluka/Sigma and used without further purification.
For the X-ray measurements the Kapton windows were used, and the box assembly was mounted on the sample stage of a liquid diffractometer. During the X-ray measurements the box was filled with helium to minimize X-ray damage and parasitic diffuse scattering. Measurements were carried out at the Harvard/Brookhaven liquid surface diffractometer, beamline X22B, NSLS, at a wavelength of 1.556 A A. The XR measurements employed a point detector, while the GID measurements used a 100 mm linear position sensitive detector allowing a simultaneous measurement of a full Bragg rod. The XR data analysis employed computer fits to standard few-layer box models [14, 17] .
Results
We now discuss results obtained for fatty acids, focusing in detail on stearic acid LFs.
Stearic acid

Pressure/area isotherm
The p=A isotherm we measured for stearic acid on Hg is shown in Fig. 1 , along with the previously measured [16] isotherm on water. The most outstanding feature in Fig. 1 is the much larger range of both A and p accessible on Hg as compared with water. The fast-increasing region at 110 6 A 6 200 A A 2 /mol is very well fitted by the 2D Vollmer equation (dashed line), pðA À A 0 Þ ¼ k B T , where k B is the Boltzmann constant and A 0 is the exclusion area due to the finite molecular size [9] . The fitted value A 0 ¼ ð112 AE 10Þ
A A 2 /mol coincides with the calculated area of a flat-lying molecule: 24.4 A A Â 4.85 A A % 118 A A 2 , using well known values for the length and the nearest-neighbour chain spacing [18] . This leads to the immediate conclusion that for A P 110 A A 2 /mol the LF is a gas of flat-lying molecules, and that at point (2) a closely packed single layer of such molecules is obtained. These conclusions are strongly supported by the X-ray measurements detailed below. Upon decreasing A from 110
A A 2 /mol several additional features are observed in the isotherm: kinks, slow-and fastrising p regions, and a plateau. However, based on the isotherm alone, no definite structural meaning can be assigned to these features. The X-ray measurements discussed below reveal clearly the structure of the LF in the regions marked by these features. . These values agree closely with the inter-chain distance [17, 18] and the electron density [17, 19] of close-packed alkyl chains. This and the isotherm strongly support the conclusion that for A P 110 A A 2 /mol the LF consists of a single layer of flat-lying molecules. Note that the observation of such thin films, d a second flat-lying layer is formed at the surface on top of the first one in the increasing-p part of the isotherm, 110 P A P 60 A A 2 /mol. The fit at (4) yields 100% coverage for the first layer, and a density equivalent to 75% coverage for the second layer, in agreement with the amount of material deposited. The XR results show that 100% coverage is reached for the second layer at A % 52 A A 2 / mol. This is close to the kink in the isotherm marking the onset of the plateau at A ¼ 57 A A 2 /mol, and to 118=2 % 59 A A 2 /mol, the calculated area for a two-layered film based on the molecular dimensions. This strongly supports the present interpretation of a double-layer phase in this A range over the previous interpretation, based on the isotherm alone, of a single molecular layer consisting of surface-parallel molecules part of which are strongly bent in the surface-normal direction. To explain the continuous change in area with coverage it was postulated that the position of the bend along the chain changed with the area A [9] . The existence of the single-and double-layers of flat-lying molecules for A P 52 A A 2 /mol indicates that the structure is dominated by the strong chain-subphase attraction, which induces a surface-parallel orientation of the molecules of the LF. This is in contrast with LFs on water where the strong hydrophobic repulsion induces a surface-normal molecular orientation at all coverages. The attraction to the Hg surface here is insufficient to induce a third layer of flat-lying molecules. When A is decreased below 52 A A 2 /mol the molecules start orienting roughly normal to the surface thus decreasing the average area per molecule on the surface.
The XR reflectivity curve (5) A A and a tilt 6 5°(the XR detectible limit). The XR-derived structure in this range is very similar to that of LFs of stearic acid on water at similar As [6, 8] . This demonstrates the dominance of chain-chain interactions over chain-subphase attraction in this region.
Grazing incidence diffraction: the surfaceparallel structure
Grazing incidence diffraction measurements show a fundamentally different in-plane structure for the flat-lying and standing-up phases. Both low coverage phases, the single-and double-layers of flat-lying molecules, show several orders of low-q k GID peaks, all multiples of q k ¼ 0:120 A A À1 , as shown in Fig. 3 . This indicates a well-ordered structure with a repeat distance d k ¼ 52: 4 A A, which is 6-8% larger than the layer spacing d bulk ¼ 49: 3 A A of bulk stearic acid [20] , and twice the extended moleculeÕs length, 48. 8 A A. All crystalline polymorphs of stearic acid consist of dimers, hydrogen bonded by the carboxylic headgroups of the two molecules [18] . The close correspondence between d k and d bulk implies that our low-coverage phases consist of in-plane ordered uniform-width stripes of flat-lying dimers, oriented along the stripeÕs width. The BR results, discussed elsewhere [21] , are consistent with this conclusion. The repeat distances of metal stearate Langmuir-Blodgett multilayers were found to range from 49. 9 A A (Mn stearate [22] ) to 50. 6 A A (Pb stearate [23] ), all within $1 A A of d bulk , and significantly smaller than d k ¼ 52: 4 A A of our flat-lying phases. Thus, repeat distance considerations can neither support nor rule out a possible incorporation of Hg atoms into the flat-lying dimerÕs center, as found in self-assembled multilayers of surface-normal thiol molecules [24] . The origin of the $3
A A difference between the repeat distances of flat-lying (here) and surface-normal (bulk) dimer phases is unclear and merits further study.
It is important to note that no GID peaks were found for the flat-lying phases at 1:2 6 q k 6 1:4 A A À1 . Peaks in this range would correspond to the existence of order in the packing of the chains in the inplane direction normal to the flat-lying dimerÕs long axis. Since we did not observe such peaks we conclude that only short range order may exist in this direction. Thus, long range order exists in the flatlying phases only along the long axis of the dimers, but not perpendicular to it. The proposed structure is shown in the inset in Fig. 3 , and suggest a 2D smectic-like structure for the flat-lying phases, i.e. a 1D order within a quasi-2D layer.
The high-coverage standing-up phases show measurable GID peaks for A 6 35 A A 2 /mol only. At the high-coverage end of this range, a NNN molecular tilt and a distorted hexagonal in-plane packing are observed [6, 21] . As coverage is increased, the tilt reduces continuously, reaching 0°t ilt, and an undistorted hexagonal in-plane packing, at $20 A A 2 /mol. Two distinct hexatic phases are clearly identified within this range [21] : an Overbeck-M€ o obius (O v ) phase [6, 25] at the high-A end, and a LS phase [6] at the low-A end. The structural parameters of all phases, derived from the GID and reflectivity measurements, are listed in Table 1 , along with their uncertainties. The same O v and LS phases were also found, with very similar unit cell dimensions and tilts, for stearic acid LM on water at high p values [8] . The lowersymmetry phases found on water [6] , some exhibiting NN tilts and almost all showing herringbone order for the molecular plane, are not detected here. This is not surprising considering that the surface pressures at which these phases occur in water-supported LFs are much lower than the p P 48 mN/m at which the standing-up phases are observed in our Hg-supported LFs.
Other fatty acids
The isotherms measured for several fatty acids (denoted C n OOH) with different number of carbons, n, on Hg at room temperature are shown in Fig. 4 . An inter-comparison of the isotherms reveals some clear trends in the variation of the various features with chain length. For all n measured (n ¼ 10; 12; 14; 18; 20; 24) the flat-lying single layer phase is observed just below the steep increase at A ¼ A 0 . The fully standing-up phase(s) at the low-A limit are also observed. However, at this point no X-ray data is available to determine the structure of these phases. The qualitative shape and the magnitudes of the surface pressure at the points that the single and double flat-lying layers achieve complete coverage are the same for all the fatty acids with 12 6 n 6 24. The same is true for the flat part of the isotherms at half the fully compressed single-layerÕs area/mol. This indicates the same sequence of phases for all chain lengths studied: first flat-lying single-and double-layers followed by one or more standing-up phases. Preliminary X-ray data show clearly that the double-layer phase of flat-lying molecules also appears at least for C 24 OOH. The absence of a clear plateau in the isotherm of C 10 OOH and the much lower surface pressure at the first ''bend'' ($70 A A 2 /mol) suggests that the decanoic acid C 10 OOH only exhibits a single layer, and no double layer. We attribute the lack of a double-layer for C 10 OOH to a larger degree of disorder for this molecule, the bulk melting point of which is just slightly above room temperature, T m ¼ 31:6°C. Further X-ray measurements, now in progress, are expected to elucidate the details of the structure and phase sequences of each of these LFs and the ndependence of the phase diagram. and r are the layer thickness and roughness. q k;p and q z;p are the GID and BR peak positions for the standing-up phases, h is the molecular tilt, and a and b are the dimensions of the rectangular unit cell. Fig. 4 . Isotherms of fatty acid LFs (of carbon numbers 10 6 n 6 24) on mercury at room temperature. Inset: the molecular exclusion areas A 0 (circles) obtained from fits of the 2D ''ideal'' gas formula to the steeply-rising part of the isotherms and the corresponding calculated areas of the flat-lying molecules (line).
Conclusions
The results presented above highlight the importance of the surface-chain interaction for the determination of the structure and phase sequence of LFs on both mercury and water. The attractive interaction in our case induces flatlying single-and double-layer phases. By imposing a high p-threshold on the standing-up phases, this attraction is also responsible for the absence of the low-p standing-up phases observed in water-supported LFs. The confinement of the LF to the surface by the strong chain-mercury attraction allows achieving much higher surface pressures without causing the LF to buckle and collapse, as compared to aqueous subphases. For stearic acid novel 2D-smectic-like phases are observed, whose structural unit is a dimer of flat-lying molecules connected at their carboxylic headgroups. The possibility that the headgroup region contains also one or more mercury atoms cannot be ruled out. At high coverages, phases of standing-up molecules are observed, similar to the hexatic Ov and LS phases found for watersupported stearic acid LFs. A coexistence range between flat-lying and standing-up phases is also found. First measurements on other fatty acids indicate a similar phase sequence for chain lengths 10 6 n 6 24 at room temperature, though the maximal number of layers of flat-lying molecules varies with n. Measurements in progress on related molecules like alkanes, alcohols and thiols indicate that the headgroupÕs polarity plays an important role in determining the transition to the standing-up phases and, indeed, their very existence for a given molecule [26] . The ability to tune the structure of Hg-supported LFs over much larger coverage and surfacepressure ranges than those of water-supported LFs, and in particular the new flat-lying phases, should prove very advantageous for the construction and study of nano-sized electronic devices [7, 27] , and may help resolving fundamental controversies such as whether conformational disorder inhibits or promotes charge transfer across a monolayer in Hg-organics heterostructured devices [28] .
